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ABSTRACT
The metallicity of active galactic nuclei (AGNs), which can be measured by emission line
ratios in their broad and narrow line regions (BLRs and NLRs), provides invaluable infor-
mation about the physical connection between the different components of AGNs. From the
archival databases of the International Ultraviolet Explorer, the Hubble Space Telescope and
the Sloan Digital Sky Survey, we have assembled the largest sample available of AGNs which
have adequate spectra in both the optical and ultraviolet bands to measure the narrow line
ratio [N II]/Hα and also, in the same objects, the broad-line N V/C IV ratio. These permit
the measurement of the metallicities in the NLRs and BLRs in the same objects. We find that
neither the BLR nor the NLR metallicity correlate with black hole masses or Eddington ra-
tios, but there is a strong correlation between NLR and BLR metallicities. This metallicity
correlation implies that outflows from BLRs carry metal-rich gas to NLRs at characteristic
radial distances of ∼ 1.0 kiloparsec. This chemical connection provides evidence for a kinetic
feedback of the outflows to their hosts. Metals transported into the NLR enhance the cooling
of the ISM in this region, leading to local star formation after the AGNs turn to narrow line
LINERs. This post-AGN star formation is predicted to be observable as an excess continuum
emission from the host galaxies in the near infrared and ultraviolet, which needs to be further
explored.
Key words: galaxies: nuclei – black hole physics – galaxies: active – galaxies: abundances –
accretion – ISM: outflows
1 INTRODUCTION
Accreting supermassive black holes (SMBHs) are responsible for
the major phenomena observed in AGNs (e.g., see the recent re-
view by Ho 2008), but also strongly influence their host galax-
ies through kinetic/radiative feedback processes (Di Matteo et al.
2005; Bower et al. 2006; Croton et al. 2006), leading to a co-
evolution between the SMBHs and their hosts (e.g. Magorrian et al.
1998; Richstone et al. 1998). Many details of the specific feedback
mechanisms remain under debate, but outflows have been recog-
nised to play a key role in this co-evolution. Outflows transport en-
ergy and gas outwards from the central regions, and also carry met-
als to regions of galactic scales. The metallicity of the gas in AGNs
can be measured in both their broad and narrow line regions, and
might trace the physical relation between BLRs and NLRs. This
would provide a new window for exploring the details of the feed-
back process.
⋆ E-mail: dupu@ihep.ac.cn
The metallicity in broad line regions (BLRs) of AGNs
has been extensively studied following the seminal paper of
Hamann & Ferland (1992). Several line ratios have been sug-
gested to measure the BLR metallicity, with the N V/C
IV intensity ratio being the most widely used. Many stud-
ies have confirmed the following two basic properties of the
BLR metallicity: (1) it is very large, reaching as much as 10
or more times the solar abundance (Hamann & Ferland 1992,
1993; Hamann et al. 2002; Dhanda et al. 2007); and (2) it has
no cosmological evolution up to redshifts z = 6.5 ∼
7.0 (e.g. Jiang et al. 2008; Juarez et al. 2009; Mortlock et al.
2012). There are additional –sometimes conflicting– results
suggesting that metallicity correlates with either luminosity
(Hamann & Ferland 1999; Dietrich et al. 2002), black hole masses
(Warner, Hamann & Dietrich 2004; Matsuoka et al. 2011a,b) or
Eddington ratios (Shemmer & Netzer 2002; Shemmer et al. 2004)
for different samples. These properties hint at a possible production
of metals in the nuclear regions and is only a local event since its
timescale is much shorter than the local Hubble time. In this pic-
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ture, black holes clean up the surrounding metals before the next
episode of activity. This probably is linked with accretion flows,
in which self-gravity drives star formation (Collin & Zahn 1999;
Wang et al. 2010, 2011, 2012).
It is far more difficult to use the N V/C IV or similar ratios
of UV lines to measure the metallicity in NLRs in type I AGNs,
because the narrow components of lines such as N V are very faint
(Nagao et al. 2006a). Only about a dozen high-redshift radio galax-
ies and type 2 AGNs have been measured for metallicity in this
way (Nagao et al. 2006a; Matsuoka et al. 2009), for which the NLR
metallicity was found to lie in the range 0.2Z⊙ . Z . 5.0Z⊙
with no cosmic evolution between redshifts 1.2 6 z 6 3.8. This
is interesting since it shows that the NLR metallicity has proper-
ties similar to those of the BLRs. The NLRs have a size1 RNLR =
2.1 L0.5[O III],42 kpc, whereL[O III],42 = L[O III]/1042erg s−1 is the
[O III] λ5007 luminosity (e.g. Bennert et al. 2002; Schmitt et al.
2003; Netzer et al. 2004). This is the typical size of a bulge. It is
thus expected that the chemical properties of bulge gas can be de-
duced from the NLRs. However, in these type 2 objects there are
no broad N V or C IV lines to measure the BLR metallicity. Obvi-
ously what is needed are measurements of both the BLR and NLR
metallicities in the same objects, meaning in type I AGNs. This has
never been done thus far.
In the interpretation of the classical Baldwin-Phillips-
Terlevich (BPT Baldwin, Phillips & Terlevich 1981) diagnostic
diagram, it has been suggested that the [N II]/Hα line ra-
tio acts as an indicator of the metallicity of NLRs while
the [O III]/Hβ ratio mainly depends on the ionization pa-
rameter (see Fig. 2 in Groves, Heckman & Kauffmann 2006;
Storchi-Bergmann & Pastoriza 1989; Storchi-Bergmann 1991;
Storchi-Bergmann et al. 1998; Groves, Dopita & Sutherland 2004;
Stasin´ska 2006; Nagao et al. 2006b; Kewley et al. 2013). This al-
lows us to measure the NLR metallicity for a given ionisation pa-
rameter in type 1 AGNs and quantitatively compare it with the
metallicities of the host galaxy and also of the BLR. This line ratio
also provides an opportunity to simultaneously measure both BLR
and NLR metallicities of type 1 AGNs in the same object.
In this paper we assemble from published work and data
archives a sample of AGNs with spectroscopy covering a wide
wavelength range that includes N V λ1240, C IV λ1550 , [N II]
λ6584, Hβ and Hα. This sample consists of 31 type 1 AGNs, which
allow us to simultaneously measure the BLR and NLR metallici-
ties, our goal being to test the possible connection between BLRs
and NLRs. In §2 we describe the sample of AGNs, and our mea-
surements of the BLR and NLR metallicities from both optical and
UV spectra. In §3 we test for possible correlations between the
NLR and BLR metallicities and of these metallicities with either
black hole masses or Eddington ratios. The reliability and implica-
tions of the correlations found are discussed in §4. The cosmologi-
cal parameters H0 = 70 km s−1Mpc−1, Ωm = 0.3 and ΩΛ = 0.7
are assumed in this paper.
1 Note that, in our context, the NLR does not refer to the extended nar-
row line regions (ENLRs), which are measured by Greene et al. (2011).
The NLR size scaling law does not apply to ENLRs. Fu & Stockton (2007)
find that ENLRs only appear in objects with BLR metallicities smaller than
∼ 0.6Z⊙. The typical size of NLRs of the present sample is 0.7–1.0 kpc
given their [O III] luminosity of ∼ 1041erg s−1, and correspond to the
bulge regions (Simard et al. 2011). The NLR and the bulge share the same
approximate size.
2 THE SAMPLE OF AGNS WITH MEASURED
METALLICITIES
2.1 Metallicity indicators
Our aim is to compare the BLR and NLR metallicities on an object
by object basis. We use the N V/C IV ratio as a surrogate for the
BLR metallicity following the well-established techniques devel-
oped by Hamann & Ferland (1992, 1993, 1999), who showed the
ratio is only sensitive to metallicity rather than temperature, ioniza-
tion parameter and gas density. Secondary production of N out of
C and O via CNO burning dominates at metallicities Z & 0.2Z⊙ ,
which result in abundance of N ∝ Z2, making N V/C IV flux ra-
tio can be used as a metallicity indicator (Hamann & Ferland 1992,
1993, 1999; Hamann et al. 2002). We do not use the Fe II/Hβ ra-
tio as suggested by Netzer & Trakhtenbrot (2007) since its possi-
ble correlation with BLR metallicity is a secondary result based on
comparing the correlation of different line ratios with the Edding-
ton ratio. The Fe II excitation mechanism is poorly understood and
Verner et al. (2004) found that the Fe II strength is not sensitive to
metallicity.
Metallicity in NLR can be indicated by the ratio of [N II]/Hα
as shown by Groves et al. (2006). In such a case, the ratio of nar-
row component N V/C IV is very tough to separate them from the
spectra. The ratio of [N II]/Hα is sensitive to metallicity when [N
II]/Hα > 0.1 while [O III]/Hβ is mostly sensitive to the ionization
parameter (Groves et al. 2006).
The considerations above indicate that we need a sample of
objects for which there are useful measurements of at least the N
V λ1240, C IV λ1550, Hβ, [O III] λ5007, Hα, and [N II] λ6584
lines.
2.2 The samples of AGNs and quasars
We have assembled a sample which includes all of the AGNs and
quasars that we know of for which it has been possible to measure
both the broad N V and C IV emission lines at ultraviolet wave-
lengths and the narrow Hβ, [O III] λ5007, Hα, and [N II] λ6584
emission lines at optical wavelengths. While there are about 900
AGNs in the IUE (International Ultraviolet Explorer) and HST
(Hubble Space Telescope) data archives, only about 200 of these
have also optical spectroscopy from the SDSS archive and pub-
lished work. Of this subset we select only Seyfert 1 galaxies and
type 1 quasars, since otherwise the N V and C IV lines are obscured
by dusty tori along the line of sight. We use either HST spectra
directly or stack all available IUE SWP images to produce a sin-
gle co-added IUE spectrum. Where possible we use HST rather
than IUE spectra to measure the N V/C IV ratios. We exclude ob-
jects with low signal-to-noise ratios in their stacked UV spectra,
broad absorption line quasars and objects with strong C IV and N
V absorption. We also exclude objects having broad Balmer emis-
sion lines which are so strong that narrow emission lines (i.e. [N
II] λ6584 and/or the narrow components of Hα and Hβ) cannot be
measured, such as bright quasars with “disappearing” narrow line
regions (Netzer et al. 2004). The final sample contains 31 objects
for which we can measure both the BLR metallicity and the NLR
line ratios. Table 1 provides the details of the observations used in
the sample.
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Table 1. Optical and UV spectra of the AGN sample.
Object Sources and references for the spectra z logL5100 RBLR
Optical Ultraviolet (erg s−1) (light-day)
(1) (2) (3) (4) (5) (6)
2E 1615+0611 SDSS IUE (SWP39443, 44105, 55613) 0.038 43.25 20.2
Fairall 9∗ ESO 1.5m (1) HST/FOS (2) 0.047 44.25 16.3†
HB89 1028+313 SDSS IUE (SWP28214) 0.178 44.45 58.8
Mrk 42 SDSS IUE (4 spectra stacked) 0.025 42.88 9.0
Mrk 106 SDSS IUE (SWP26911) 0.123 44.52 64.0
Mrk 110 SDSS IUE (SWP33002) 0.035 43.02 18.8†
Mrk 142 SDSS IUE (SWP20113, 20121) 0.045 43.61 21.6
Mrk 290 SDSS IUE (5 spectra stacked) 0.030 43.60 21.3
Mrk 359 ESO 1.5m (3) IUE (4 spectra stacked) 0.017 43.20 13.3
Mrk 493 OHP 1.93m (4) HST/FOS (5) 0.031 43.27 14.4
Mrk 618∗ WHT 4.2m (6) IUE (SWP40871) 0.035 43.60 21.3
Mrk 771∗ SDSS IUE (SWP16880, 16884, 20142) 0.063 43.92 50.0†
Mrk 841 McD 2.1m (7) IUE (17 stacked spectra) 0.036 43.84 28.0
Mrk 876 CA 2.2/3.5m (8) IUE (11 stacked spectra) 0.129 45.00 39.0†
Mrk 1018∗ SDSS IUE (6 stacked spectra) 0.042 43.85 28.7
Mrk 1126 ESO 1.5m (3) IUE (SWP36653, 36659) 0.011 42.71 7.4
Mrk 1239 OHP 1.93m (4) IUE (6 stacked spectra) 0.020 43.30 14.9
Mrk 1243 SDSS IUE (SWP36410) 0.035 43.37 16.1
Mrk 1514 WHT 4.2m (6) HST/FOS (5) 0.016 43.41 4.9†
NGC 3783∗ ESO 1.5m (9) HST/FOS (2) 0.010 43.12 4.5†
NGC 4051 Bok 2.3m (10) IUE (31 stacked spectra) 0.002 41.78† 6.5†
NGC 4593 WHT 4.2m (11) IUE (29 stacked spectra) 0.009 42.75§ 1.2††
NGC 5548 SDSS HST/FOS (2) 0.017 43.31§§ 21.2†
NGC 5940∗ SDSS IUE (SWP20821, 20832) 0.034 43.36 15.8
PG 0906+484∗ SDSS IUE (SWP21921, 32463) 0.117 44.10 38.7
PG 0923+129 SDSS IUE (SWP25826) 0.029 43.39 16.5
PG 1049-005 SDSS HST/FOS (2) 0.360 45.58 227.6
PG 1202+281 SDSS HST/FOS (2) 0.165 44.21 44.3
SBS 1150+497 SDSS HST/FOS (5) 0.334 44.71 80.1
Ton 256 SDSS IUE (SWP10071) 0.131 44.52 64.2
US 1329 SDSS IUE (SWP56263) 0.254 45.29 161.1
Columns (1), (2) and (3) list the AGN name and the source of spectral data in the optical and UV bands, re-
spectively; columns (4), (5) and (6) give the redshift, the continuum luminosity at 5100 A˚ and the BLR size.
For most objects, L5100 is measured from the optical spectra, except the following ones, for which it was taken
from these references: † direct reverberation mapping by Kaspi et al. (2000), †† from Peterson et al. (2004), § from
Smith et al. (2004), and §§ from Bentz et al. (2009). ∗ are the sources whose broad Hα and Hβ components have
different shapes. References: (Columns 2 and 3): (1) Santos-Lleo´ et al. (1997); (2) Kuraszkiewicz et al. (2002);
(3) Giannuzzo & Stirpe (1996); (4) Ve´ron-Cetty, Ve´ron & Gonc¸alves (2001); (5) Kuraszkiewicz et al. (2004); (6)
Mullaney & Ward (2008); (7) Grupe et al. (2004); (8) Kollatschny, Zetzl & Dietrich (2006); (9) Stirpe et al. (1994);
(10) Moustakas & Kennicutt (2006); (11) Dietrich et al. (1994). Spectral resolutions: IUE: λ/∆λ ∼ 250; HST:
λ/∆λ ∼ 1300 in UV bands; SDSS: λ/∆λ ∼ 1800; while the other instruments of telescopes listed in the table
have λ/∆λ & 2000.
2.3 Spectral fitting
Table 2 gives the measures of line ratios, Hβ FWHM, black hole
masses and bolometric luminosities of the selected AGNs. Fol-
lowing Hu et al. (2008), we first correct the spectrum for Galac-
tic extinction, shift it to the galaxy’s rest-frame, and fit a contin-
uum model. The continuum model has three components: (1) a sin-
gle power law; (2) Balmer continuum emission; and (3) a pseudo-
continuum due to blended Fe emission.
Since the key point here is to get matched profile flux ratios to
make sure that the emission lines whose fluxes are compared come
from the same region, we adopt the following procedure to mea-
sure the emission lines after subtracting the continuum. In the UV
spectra we model the broad-emission lines of Lyα, N V and C IV
through two sets of Gaussian components each which are forced
to have the same FWHM and velocity shifts. The sum of the two
Gaussian components of each line is used to obtain fluxes of the
line. 2 In the optical band, we fit the emission lines with three com-
ponents, the same component of each line forced to have the same
profile: (1) a narrow component modeled with one Gaussian each
for Hα, Hβ, [O III] λλ4959, 5007, [N II] λλ6548, 6584, [S II]
λλ6717, 6731; (2) a broad component modeled with two Gaussians
2 The FWHM of the narrow component of NGC 5548’s N V and C IV
emission lines is 1118 km/s, which is the narrowest one in the present sam-
ple, and is marginally consistent with the criteria of broad emission line
(>1000 km/s). But there is still possibility that it comes from NLR, so we
relaxed the constraint of tying the profiles of the two gaussians used to fit
N V and C IV, and only use the broader components to calculate NV/CIV
ratio. In this case, log(N V/C IV) of NGC 5548 becomes −0.80 ± 0.04.
This number is still very similar to the value we used in the text, and does
not change the conclusion at all.
c© 2013 RAS, MNRAS 000, 1–11
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Table 2. Measured and inferred quantities.
Object log
(
[NII]
Hα
)
log
(
[OIII]
Hβ
)
log
(
NV
CIV
)
FWHM logM• logLBol(
km s−1
)
(M⊙)
(
erg s−1
)
(1) (2) (3) (4) (5) (6) (7)
2E 1615+0611 −0.44± 0.01 0.97± 0.01 −1.00± 0.07 3178 7.59 44.22
Fairall 9∗ −0.17± 0.07 0.95± 0.04 −0.49± 0.01 5858 8.17 45.12
HB89 1028+313 −0.35± 0.03 1.04± 0.02 −0.57± 0.13 5794 8.73 45.31
Mrk 42 −0.35± 0.01 0.10± 0.02 −0.73± 0.09 973 6.37 43.90
Mrk 106 −0.40± 0.02 0.95± 0.03 −0.82± 0.28 4108 8.47 45.38
Mrk 110 −0.79± 0.02 1.01± 0.01 −1.08± 0.12 2356 7.02 44.02
Mrk 142 −0.47± 0.03 0.48± 0.13 −0.48± 0.10 1773 7.27 44.54
Mrk 290 −0.45± 0.03 1.01± 0.03 −0.64± 0.03 4000 7.97 44.53
Mrk 359 −0.41± 0.01 0.62± 0.02 −0.89± 0.03 887 6.46 44.18
Mrk 493 −0.29± 0.01 0.12± 0.01 −0.37± 0.01 886 6.49 44.24
Mrk 618∗ 0.02± 0.01 0.72± 0.03 −0.32± 0.05 2356 7.51 44.53
Mrk 771∗ 0.13± 0.05 1.14± 0.04 −0.36± 0.02 3048 8.15 44.82
Mrk 841 −0.39± 0.03 1.10± 0.03 −0.90± 0.33 4085 8.11 44.75
Mrk 876 −0.16± 0.04 0.64± 0.08 −0.74± 0.08 7781 8.65 45.83
Mrk 1018∗ 0.22± 0.06 0.77± 0.07 −0.22± 0.20 4366 8.18 44.76
Mrk 1126 0.09± 0.01 0.98± 0.02 −0.57± 0.19 4882 7.68 43.75
Mrk 1239 −0.30± 0.01 0.83± 0.01 −0.45± 0.24 951 6.57 44.26
Mrk 1243 −0.45± 0.05 0.58± 0.05 −0.26± 0.04 1967 7.23 44.32
Mrk 1514 −0.17± 0.01 0.43± 0.01 −0.76± 0.01 1967 7.08 44.36
NGC 3783∗ −0.08± 0.03 1.00± 0.05 −0.65± 0.01 2594 7.24 44.10
NGC 4051 −0.57± 0.03 0.43± 0.06 −0.57± 0.03 1794 6.38 42.95
NGC 4593 0.07± 0.01 1.06± 0.03 −0.45± 0.06 3826 6.67 43.78
NGC 5548 −0.26± 0.01 1.02± 0.01 −0.97± 0.02 6378 8.36 44.28
NGC 5940∗ −0.11± 0.03 0.89± 0.04 −0.46± 0.05 3805 7.80 44.31
PG 0906+484∗ −0.25± 0.06 0.98± 0.08 −0.46± 0.12 4691 8.37 44.99
PG 0923+129 −0.32± 0.02 0.95± 0.02 −0.61± 0.05 2140 7.32 44.34
PG 1049-005 −0.53± 0.03 1.03± 0.02 −0.90± 0.05 5513 9.28 46.38
PG 1202+281 −0.53± 0.02 0.84± 0.01 −0.76± 0.01 4540 8.40 45.09
SBS 1150+497 0.05± 0.04 1.23± 0.06 −0.77± 0.05 4064 8.56 45.55
Ton 256 −0.51± 0.02 1.04± 0.01 −0.81± 0.08 2789 8.14 45.38
US 1329 −0.98± 0.06 0.92± 0.02 −0.98± 0.19 3827 8.81 46.10
Col. (1): object; (2): [N II] λ6584/Hα flux ratio; (3): [O III] λ5007/Hβ flux ratio; (4): N V λ1240/C IV λ1550
flux ratio; (5): FWHM of Hβ; (6): SMBH mass; (7): bolometric luminosity. ∗ are sources whose broad Hα and Hβ
components have different shapes.
each for Hα and Hβ; and (3) a wing component modeled with one
Gaussian for [O III] λλ4959, 5007 when necessary. Among these
lines, the flux ratios of [O III] λλ4959, 5007, [N II] λ6584 and
[N II] λ6548 are fixed to the theoretical values of 3.0 and 2.96 re-
spectively. There are seven sources (listed in Tables 1 and 2) show-
ing different shapes of the broad Hα and Hβ components. We thus
relax the constraint of the FWHM and velocity shift of the corre-
sponding Gaussians and add a third Gaussian component to them.
It does not significantly affect the correlations among the line ra-
tios and other quantities (M•, LBol/LEdd). We measure the ratios
[O III]/Hβ and [N II]/Hα in the narrow components (not including
the wing component of [O III]), and FWHM of broad component
of Hβ from the fitted gaussians which are used to model it. The
continuum-subtracted spectra are provided in the Appendix as well
as the corresponding results of emission-line fittings. The Appendix
is provided on-line.
2.4 Estimates of SMBH parameters
To estimate the masses of the super-massive black holes (SMBHs)
in our UV/optical sample, we use the empirical RBLR − L rela-
tion, except in objects for which direct measures from reverbera-
tion mapping observations are available. Using the host-galaxy cor-
rected relation RBLR = 34.4L0.5244 light days (Bentz et al. 2009),
where L44 = L5100/1044 erg s−1 and L5100 is the continuum
luminosity at 5100 A˚, we have the SMBH mass from M• =
(f/G)RBLRV
2
Hβ, where G is the gravitational constant, VHβ is the
full-width-half maximum of the Hβ emission line and f is a factor
determined by the geometry of the BLR. We adopt f = 1.4, fol-
lowing the calibration of the relation linking the velocity dispersion
to the SMBH mass (Onken et al. 2004). We obtain the bolomet-
ric luminosity using an AGN continuum template (Marconi et al.
2004), and then the Eddington ratio from E = LBol/LEdd, where
LEdd = 1.3× 10
38m• erg s−1 is the Eddington limit luminosity,
LBol is the bolometric luminosity and m• =M•/M⊙.
Note that the average contributions from host galaxies
(Bentz et al. 2009) is about 1/2 of the total 5100 A˚ luminosity.
AsRBLR scales with the square root of the luminosity, the contam-
inations lead to a further uncertainty of 0.15 dex to the estimations
of black hole masses as well as to the Eddington ratios. We include
them in their error budget. To be conservative, we set the error bars
of black hole masses, Eddington ratios and bolometric luminosity
to 0.3 dex, as they are mainly determined by the systematic uncer-
c© 2013 RAS, MNRAS 000, 1–11
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Figure 1. The line ratio of N V/C IV (BLR metallicity) versus black hole masses, Eddington ratios
and bolometric luminosity. The sample shows no significant correlation between the metallicity and these
parameters. Pearson’s coefficient (r) and null probability (p) are given in each panels. The BLR metallicity
does not correlate with M•, LBol/LEdd or LBol.
Figure 2. The line ratio of [N II]/Hα (NLR metallicity) versus black hole masses, Eddington ratios and
bolometric luminosity. The sample shows no correlation between the metallicity and these parameters. The
error bars of black hole masses and Eddington ratios are same as in Figure 1. Pearson’s coefficient and null
probability are indicated in each panel. The NLR metallicity does not correlate with any of these parameters.
tainties of fBLR in the RBLR−L relation and host contaminations
(Onken et al. 2004; Park et al. 2012; Woo et al. 2010, 2013).
3 ANALYSIS OF CORRELATIONS
3.1 BLR metallicities
Figure 1 shows that, in our carefully-selected sample, the BLR
metallicities do not correlate with either black hole masses or Ed-
dington ratios, or bolometric luminosity. This result can be quan-
titatively established through the Pearson linear correlation coef-
ficient (r) and associated probability(p) that |r| be larger than the
observed value if the null hypothesis of zero correlation is true. As
indicated in Figure 1, the large p values imply that the null hy-
pothesis that the variables are not correlated is accepted in all the
cases shown. Previous studies appear to give different results as
listed in Table 3 for a brief summary. Warner, Hamann & Dietrich
(2003) compiled a list of 578 quasars (more than 800 spectra) with
redshifts 0 < z < 5 to explore the potential relation of BLR
metallicity with black hole masses and Eddington ratios. They esti-
mated black hole masses through C IV profiles for high−z quasars,
and then produced a series of composite spectra binned by black
hole mass. Their sample spans 5 orders of magnitude in black hole
masses and 6 orders in luminosity, and they found a correlation
between ZBLR and black hole masses from their stacked spectra.
However, Shemmer et al. (2004) found from a detailed analysis of
high-quality spectra of 29 high-z quasars that there is no corre-
lation between ZBLR and black hole masses, but instead a weak
correlation between the N V/C IV ratios and the Eddington ratios.
Using stacked spectra of SDSS quasars with 2.3 < z < 3.0,
Matsuoka et al. (2011a) found no correlation between metallicity
and Eddington ratios, but that one does exist between ZBLR and
black hole masses. Very recently, Shin et al. (2013) studied the
metallicity of PG quasars observed by IUE and HST and found
that their metallicity does not correlate with black hole masses,
and perhaps weakly with Eddington ratios. The inconsistencies be-
tween these results might be due to selection effects or to the way
in which the spectra were combined into composite spectra in some
of the studies. The composite spectra employed in metallicity anal-
ysis may be misled by the uncertainties in black hole mass. In par-
ticular, the estimation of black hole masses in quasars through C
IV should be improved somehow (Denney et al. 2013), leading to
large uncertainties of Eddington ratios.
We find that our results are consistent with those of
Shemmer et al. (2004), in spite of the fact that they found a weak
correlation with Eddington ratio while we do not. This stems from
the fact that Shemmer et al. (2004) included some high-redshift
quasars and narrow-line Seyfert 1 galaxies, making their sample
to be biased towards objects with larger Eddington ratios than ours.
Except for these objects, the weak correlation between ZBLR and
Eddington ratios disappears. The correlation between ZBLR and
Eddington ratios is only moderate in the upper right panel of Fig-
c© 2013 RAS, MNRAS 000, 1–11
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ure 8 in Shin et al. (2013), and it disappears altogether when ex-
cluding objects with Eddington ratios 6 10−2. Our conclusion is
that previous studies do not provide in fact any strong evidence for
correlations of BLR metallicity with black hole masses or Edding-
ton ratios, in agreement with our findings.
Our work doesn’t show the correlation of BLR metal-
licity with bolometric luminosity which is common in previ-
ous works (Shemmer & Netzer 2002; Warner, Hamann & Dietrich
2004; Nagao et al. 2006b; Shin et al. 2013). The reason is that
the bolometric luminosity of the present sample has a much
smaller range than those of the previous samples (1044 −
1045.5 erg s−1 of LBol in the present sample, but 1044.5 −
1048.5 erg s−1 of LBol in Warner, Hamann & Dietrich (2004),
1010−1014 erg s−1 of νLν(1450A˚) in Shemmer & Netzer (2002)
and 1044− 1046.8 erg s−1 of LBol in Shin et al. (2013)). However,
narrow spans of bolometric luminosity and Eddington ratio may
provide us opportunities to find correlations which are easy to be
concealed by large scatters of these parameters.
There are ten objects in common with the sample of Shin et al.
(2013), and we find that their measurements of N V/C IV are in
excellent agreement with ours, except for Mrk 771 and PG 1049-
005. In Mrk 771, Shin et al. (2013) find N V/C IV = 0.10, but the
IUE spectrum we analysed shows a quite strong N V feature. In PG
1049-005, they find N V/C IV = 0.71 which may be possible, given
the presence of strong wings in the Lyα and C IV lines. A proper
check would require high quality UV spectra). These differences
do not change our results.
3.2 NLR metallicities
The [N II]/Hα line ratio provides a measure of the NLR metallicity.
Figure 2 shows that the NLR metallicity does not correlate with ei-
ther black hole masses, bolometric luminosity or Eddington ratios,
as was the case for the BLR.
A typical NLR is about the same size as a bulge, and if its
metallicity is mainly contributed by stellar evolution in the bulge
then the two should have metallicities which are roughly similar
and which would be expected to gradually increase with cosmic
time. However, the NLR metallicity in high-z radio galaxies does
not correlate with redshift (Nagao et al. 2006a; Matsuoka et al.
2009). This agrees with the present results that NLR metallicity
neither correlates with black hole masses nor Eddington ratios.
Additionally, the Magorrian et al. (1998) relation (that black
hole masses are linearly proportional to bulges of hosts) implies
that if the NLR metallicity originates from stellar evolution of
bulges, there should be a correlation between black hole mass and
NLR metallicity due to the well-known correlation between metal-
licity and galaxy masses (Tremonti et al. 2004). No such correla-
tion is seen, again suggesting that the NLR metallicity is not dom-
inated by metal production from the host galaxies. Furthermore, it
has been found that the NLR metallicity has not undergone cosmic
evolution (Matsuoka et al. 2009), but there is a trend with lumi-
nosity like the BLR metallicity (Nagao et al. 2006b). However, the
metallicity in star-forming galaxies has significant cosmic evolu-
tion, decreasing with redshift (e.g. Shapley et al. 2005; Erb et al.
2006). The question that arises, given that, the metallicity in NLRs
maybe not produced by the host galaxy, is: what could possibly be
its origin?
3.3 The BLR-NLR metallicity correlation
Figure 3 compares the NLR and BLR metallicities, and shows
that they are strongly correlated given the regression coefficient
r = 0.58 and the null probability of no correlation p = 5.7×10−4 .
The strong correlation is surprising because BLRs and NLRs are
separated by scales of about 1.0 kiloparsec. Their metallicities in-
dicate that these two separated regions are in fact physically con-
nected, but how do they connect?
The correlation cannot be caused by ionisation parameter ef-
fects. The N V/C IV broad line ratio is weakly proportional to the
ionisation parameter (ΞBLR) (see Fig. 4. in Hamann et al. 2002)
whereas the [N II]/Hα narrow line ratio is approximately inversely
proportional to log ΞNLR (Fig. 8 in Dopita et al. (2000), Fig. 8
in Kewley & Dopita (2002) and Fig. 13 Nagao et al. (2006b)). On
the other hand, ΞBLR and ΞNLR could be very different from each
other. The present correlations as shown by Fig. 3 are thus not be
caused by ΞBLR and ΞNLR (estimated in § 4.2) in the present sam-
ple.
The spectral energy distributions (SEDs) of the central engines
may influence the line ratios of N V/C IV. As the SEDs are con-
trolled by the Eddington ratios (Wang, Watarai & Mineshige 2004;
Shemmer et al. 2006; Brightman et al. 2013), the correlation be-
tween BLR–NLR metallicity can not be caused by the different
SEDs because the distribution of the Eddington ratios in the present
sample is very narrow. The gas density in NLR should not ex-
ceed about 105cm−3, above which forbidden lines are highly sup-
pressed. Furthermore, as indicators of metallicity in BLR and NLR,
the two line ratios are not sensitive to gas density.
We are therefore led to conclude that there is a link between
the metallicities in the NLR and in the BLR in these objects.
4 DISCUSSION
Several models exist in which BLR metals are produced by bursts
of star formation in the accretion flows that are fueling the central
black holes (Collin & Zahn 1999, 2008; Wang et al. 2010, 2011,
2012, e.g.), but the large metallicity in NLRs remains intriguing.
The key question is to understand how the metallicity can be corre-
lated in these two regions which have such different characteristic
sizes? Even though the ionised gas in NLRs is mainly supplied by
stellar winds from the bulge, the NLR metallicity of the ionised gas
can be strongly affected by outflows developed from the central re-
gions of AGNs. The metals delivered to the NLRs by the outflows,
specifically by outflows from the BLRs, might enhance the metal-
licity in NLRs.
4.1 Metals produced in BLRs
It is generally accepted that black holes grow episodically
with cosmic time (Small & Blandford 1992; Marconi et al. 2004;
Wang et al. 2006, 2008). The absence of metallicity evo-
lution on cosmological timescales (Hamann & Ferland 1999;
Warner, Hamann & Dietrich 2003) strongly indicates that, for ev-
ery episode, the star forming discs initially start from a larger
reservoir of gas having the metallicity of the host galaxy, rather
than being steadily built up as the same gas cycles through many
episodes. This is consistent with the theoretical expectation for
a single episode of SMBH activity (Wang et al. 2010, 2011). In
this model, metals are produced in the self-gravitating part of ac-
cretion discs as a result of supporting the Shakura-Sunyaev disc
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Table 3. A summary of the previous results of correlations of ZBLR with central engines
References sample LBol/LEdd M• LUV or MB Notes
Hamann & Ferland (1993) ∼ 100 quasars (0 . z . 5) ... ... yes, but weak both N V/C IV, He II/C IV
Shemmer & Netzer (2002) 162 AGNs (including 8 NLS1) ... ... yes weakened by NLS1s
Warner et al. (2003; 2004) 578 quasars (0 . z . 5) No yes yes composite spectra
Shemmer et al. (2004) 29 quasars (z ≈ 2 ∼ 3)+92 AGNs ... yes very weak only N V/C IV
Nagao et al. (2006) ∼ 5000 SDSS quasars DR2 (2.0 . z . 4.5) ... ... yes composite spectra
Matsuoka et al. (2011) ∼ 2383 SDSS quasars (2.3 . z . 3.0) yes yes yes composite spectra, but only
N V/C IV, He II/C IV
Shin et al. (2013) 70 PG quasars (z < 0.5) yes, but moderate very weak yes, but weak both N V/C IV, He II/C IV
Figure 3. NLR metallicities versus BLR metallicity. The correlation found in this sample is highly significant (the red dotted line mark the 95%-level confidence
boundaries for the linear regression given by the black line) and is not caused by ionisation parameters (see § 3.3 for details).
(Shakura & Sunyaev 1973) around SMBHs (Wang et al. 2010).
BLRs are much more metal-rich than their host galaxies, and there-
fore the excess metals cannot be the products of the stars in the
host galaxies. In this picture, a black hole’s accretion rate stays ap-
proximately constant during a single AGN episode, but the BLR’s
metallicity increases monotonically with time, and is regarded as
a probe of age of the particular AGN episode. In this model, no
strong correlation is expected between metallicity and either the
black hole masses or Eddington ratios.
On the other hand, the peak metallicity reached during each
episode (Fig. 3 left panel in Wang et al. (2011)) might correlate
with the Eddington ratio. The individual objects within a sample
of AGNs will have different ages within their respective episodes,
and different samples will have different mixtures of ages, which
may explain the variety of results (i.e. lack or presence of correla-
tions between metallicities and Eddington ratios, black hole masses
and luminosities) found in different studies.
4.2 Emitting clouds in NLRs
Before addressing possible mechanisms which can account for
the observed correlation between the metallicities in the BLR and
NLR, the issue of the role of variations in the ionisation parameter
Ξ must be assessed in the robustness of the measure of metallicity
through the [N II]/Hα line ratios. Inspired by the fact that the ex-
tended NLRs are at a radial distance from the AGN that is similar
to the size of the bulge (Bennert et al. 2002; Schmitt et al. 2003;
Netzer et al. 2004), we explore the NLR physics within the frame-
work of the coevolution of SMBHs and galaxies (Richstone et al.
1998) in order to understand the evolutionary tracks of AGNs. A
key assumption is that the NLR clouds are pressure confined by
the hot gas from stellar winds in the bulge. The main features of
the NLR model are: (1) a two-phase medium composed of cold
clouds and a hot medium; (2) a hot medium from stellar winds in
the bulges (Ho 2009), ionised by the central engine radiation and
cooled via line emission; (3) cold clouds formed from AGN out-
flows whose evidence comes by the usual blue shift of [O III]; and
(4) a star forming disc that produces metals continuously, which
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are then transported outwards by AGN outflows. The last two as-
sumptions are supported by the strong correlation of NLR and BLR
metallicities. Assuming photoionisation, we give a simple estimate
of the properties of the NLR line emission as follows.
The ionisation parameter is defined by ΞNLR =
Lion/4pi R
2
NLR c ne k Te, where Lion is the ionising luminosity,
c and k are the speed of light and the Boltzmann constant, re-
spectively, RNLR is the NLR size, and ne and Te are the den-
sity and the temperature of the ionised gas of cold clouds in the
NLR. Considering the relation RNLR ∝ L1/2[OIII] ∝ L
1/2
ion , we have
ΞNLR ∝ (neTe)
−1
. We assume that the NLR is composed of nu-
merous discrete clouds, which are confined by the surrounding hot
interstellar medium (ISM) from stellar winds in bulges (Ho 2009).
In such a simple two-phase model, the pressure balance equation
reads neTe = nhTh, where nh and Th are the density and temper-
ature of the hot ISM. For the simplest consideration, the hot ISM
has a virialised temperature of kTh ≈ GMbulge/RNLR. Consider-
ing the Magorrian relation M• ∝ Mbulge (Magorrian et al. 1998)
and RNLR ∝ L1/2 ∝ (EM•)1/2, we have Th ∝ (M•/E )1/2.
It has been suggested that, in the bulge, the hot ISM is eventu-
ally accreted onto the SMBH without going through a static state
(Ho 2009). For a simple version of the inflows in the bulge, the
mass rate is given by M˙inflow = 4piR2NLR Vff nhmp, where
Vff = (GMbulge/RNLR)
1/2 is the free-fall speed of the hot gas
and Mbulge is the mass of the bulge. We assume a simple rela-
tion between the SMBH accretion rate (M˙•) and the inflow, so that
M˙• ∝ EM• ∝ M˙inflow , yielding the scaling relation
nh ∝ E R
−3/2
NLR M
1/2
bulge ∝
(
E
M•
)1/4
. (1)
As the thermal pressure of the hot ISM is nhTh ∝ (E /M•)−1/4,
we find that
ΞNLR ∝ (neTe)
−1 ∝
(
E
M•
)1/4
. (2)
This yields a range of ionisation parameter as ∆log ΞNLR =
0.25∆ log (E /M•). From Fig. 1, the scatter of the present sam-
ple is ∆log E ∼ 2.0 and ∆ logM• ∼ 3.0, which im-
plies that ∆ log ΞNLR ∼ 1.5. In the detailed calculations of
Groves, Heckman & Kauffmann (2006), the ratio of [N II]/Hα is
sensitive to the metallicity if the ionisation parameter is within a
range of ∆ log Ξ ∼ 2.5. In the case of the highest sensitivity to
the ionisation parameters, we find [N II]/Hα ∝ Ξ0.3−0.5 (for a
fixed metallicity of 4Z⊙). The ionisation parameters of the present
sample are within the range of validity of the Groves et al. mod-
els. This justifies the use of the [N II]/Hα line ratios as a proper
metallicity indicator. The recent grid of state-of-the-art models by
Kewley et al. (2013) confirms these trends.
4.3 Metallicity in the NLR
Figure 4 shows the BPT diagram of the present sample.
Groves, Heckman & Kauffmann (2006) found that, approximately,
ZNLR ≈ 1.0+3.0 {log [NII]/Hα+ 1} for [N II]/Hα > 0.1 (from
their Figure 2, neglecting the dependence on ionisation parameter).
We have a range of metallicity ZNLR ≈ (1 − 4)Z⊙ (correspond-
ing to [N II]/Hα=0.1-1.5) in our sample. This is further confirmed
by recent state-of-the-art models (Kewley et al. 2013) which also
show that the current sample has this range of metallicities, ir-
respective of the SEDs and/or the ionisation parameter (see their
Fig. 4, and note that the updated solar abundance is, in that scale,
Figure 4. The Baldwin-Phillips-Terlevich diagnostic diagram of the present
sample of 31 AGNs (blue filled circles). The yellow background is
the sample of Seyfert 2, star-forming galaxies, HII galaxies, and LIN-
ERs from the MPA compilation of the SDSS sample (available at
www.mpa-garching.mpg.de/SDSS) adopting a S/N > 3 limit for
the four lines involved. The black solid (Kauffmann et al. 2003), dashed
(Kewley et al. 2006) and dot-dashed lines (Stasin´ska et al. 2006) are differ-
ent criteria used to separate AGNs from star-forming galaxies.
of 12 + log(O/H) = 8.69 ± 0.05, Asplund et al. 2009). NLRs
have metallicities ranging between the values found in the bulge
and in the BLR, according to measurements made in a few objects
(Matsuoka et al. 2009). These preliminary results also indicate that
the metallicity in the NLR correlates with emission line luminosity
rather than with redshift (Matsuoka et al. 2009).
As Fig. 3 shows, the metallicity of discrete cold clouds in the
NLR follows that of the BLR, indicating an origin closely con-
nected to the BLR. One natural way for this to happen is AGN out-
flows, which may causally connect the BLR and the NLR. For ex-
ample, quite a large fraction of [O III] lines have blue-shifted wings,
indicating the importance of outflows in the NLR (Komossa et al.
2008), and more generally these outflows are linked to the feedback
processes (see the detailed discussion by Nesvadba et al. 2006).
Cold clouds may partially involve the hot gas from stellar winds
in the bulge (Ho 2009). We represent the metallicity in the NLR by
ZNLR = fbulge Zbulge + (1 − fbulge) ZBLR , (3)
where fbulge = M˙bulge/(M˙bulge + M˙outflow), and M˙bulge is the
mass rate of stellar winds from stars in the bulge. The factor fbulge
could be significantly smaller than unity (for some redshifts) and
Zbulge ≪ ZBLR, leading to ZNLR ≈ (1−fbulge)ZBLR < ZBLR,
so that ZBLR ∝ ZNLR is indeed expected. The correlation found
in Fig. 3 strongly supports this hypothesis.
The metallicity in the bulges, for example, of massive star
forming galaxies (1010−11M⊙) is in the range ZSF ≈ (2 − 3)Z⊙
(e.g. see Fig. 6 in Tremonti et al. 2004), whereas the metallicity of
NLRs in typical AGNs is of ZNLR ≈ (2 − 4)Z⊙ (Kewley et al.
2013). However, the comparison of Zbulge with ZNLR is open for
the same individual objects, leading to difficulties to estimate the
factor fbulge. Future studies on this issue will examine several im-
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Figure 5. Flow chart of the arguments in this paper. If metals are produced by the processes shown in the
ovals on the second line, correlations should follow as indicated on the third line. The results found in this
work favour that BLRs and NLRs are connected through outflows developed from BLRs. “SFD” refers to
“star forming disc”, which is the self-gravity-dominated regions of accretion disks (e.g. Wang et al. 2012).
“Other” refers to any processes for NLR metal production except for the normal chemical evolution of the
host galaxy, including star formation related to the AGN accretion process. The symbols ∝ and # indicate
“correlated with” and “not correlated with”, respectively.
portant physical processes (see a brief discussion at the end of this
section).
A caveat may arise from the fact that while our sample
clearly follows the expected distribution of Seyfert 2 galaxies with
ZNLR ≈ (1− 4)Z⊙ in the BPT diagram, it perhaps does not trace
the underlying density given by the SDSS sample (i.e. perhaps a
larger number of blue points should lie towards the LINER area
in Fig. 4). The reason for this effect is unclear, as our sample is
not biased in any of the quantities involved here. It may reflect
the small size of the current sample or perhaps be linked to se-
lection effects within the framework of AGN unification schemes
(e.g. Zhang et al. 2008).
The chemical abundance connection between BLRs and NLRs
found here provides a new clue for understanding the structure of
AGNs. As a brief summary, Fig. 5 shows a flow chart of the argu-
ments presented in this paper. If the metals in BLRs are produced
by the host galaxies, two correlations are then expected: ZBLR ∝ z
and ZBLR ∝ M•. Neither is supported by any observational ev-
idence. The same reasoning applies to NLRs. Hence, the only
scenario that can explain the present results includes: (1) a star-
forming disc which produces the metals within the BLR clouds;
and (2) outflows produced in the BLR transport gas, including met-
als, to the NLR.
These outflows will impact the host galaxies. The kinemati-
cal effects on the host galaxy’s ISM and on the further growth of
the host galaxy are discussed by Nesvadba et al. (2006). However,
the BLR-NLR metallicity correlation found here is a new aspect
of AGN feedback, which has additional observable consequences
which we discuss next.
The metallicities of NLRs and of the host galaxies need to be
compared for individual objects in the future. But we would like to
point that the ZBLR − ZNLR correlation found in this paper indi-
cate that ZNLR should be larger that of the host galaxy, otherwise
the correlation should disappear. Observations with Integral Field
Units (IFU) may explore the differences in NLR metallicities from
their hosts by comparing the metallicity within the ionisation cone
(i.e. the NLR) and outside of the cone. This will test the chemi-
cal evolution and circulation from the BLR and NLR to the host
galaxies.
4.4 Post-AGN star formation
The metallicity correlation between BLRs and NLRs has an in-
teresting implication for the further evolution of the AGN and its
host galaxy. During the active episodic phase, metals are trans-
ported by outflows enriching the NLRs. The diffusion time scale
of metals is tdiff ∼ R/cs ≈ 107 R1kpcT−1/26 years, where
cs ≈ 10
7T
1/2
6 cm s
−1 is the sound speed, and is much longer
than the time scale for metal transportation by outflows toutflow ∼
R/Vout ∼ 3.3×10
5 R1kpcV
−1
0.01 years, where V0.01 = Vout/0.01c
(see a brief review by Cappi et al. 2013). This means that metals re-
main in the NLR gas clouds once they have been transported there.
The metals will significantly shorten the cooling timescale3 of the
interstellar medium (ISM) in the bulge. Normally the cooling could
3 Approximated by tcooling ≈ 2.3×105 n−1ISM,1T
1+γ
6 Z
−1
0.1 years, where
n
ISM,1
= n
ISM
/1.0cm−3 is the ISM density and Z0.1 = ZISM/0.1Z⊙
is ISM metallicity. If theating > tcooling, the ISM cooling is not balanced
by the heating, and the ISM will condense and form stars. The dissipa-
tion time scale of the kinetic energy of outflows can be approximated by
toutflow , and thus theating ≈ tcooling is expected.
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be balanced by the AGN heating (radiative and kinetic of outflows)
and other sources of heating. However, as a result of the metal en-
richment of the ISM, tcooling could be shorter than theating, leading
to star formation as soon as AGNs have faded away and turned into
LINERs (e.g. Wang & Zhang 2007; Ho 2008). In this case, the
accretion rates of black holes become so low that no broad compo-
nents of the emission lines appear in these LINERs, but significant
star formation will begin after the outflows from the nuclei have
been quenched. We will call these objects blue LINERs whereas
LINERs without significant star formation will be called red LIN-
ERs.
Detailed calculations are needed in order to fully predict the
observable signatures of this post-AGN star formation in blue LIN-
ERs, but the major features are expected to be: (1) only narrow
emission lines should be seen; and (2) a population of young stars
should produce significant near infrared emission and/or an ultravi-
olet excess from massive stars. LINERs from blue to red represent a
sequence of decreasing star formation rates, and thus constitute an
evolutionary sequence for the fading of AGNs. The fact that the [N
II]/Hα ratio in LINERs is larger than in star forming galaxies could
imply that the emission line regions in LINERs are more metal rich
than those in star forming galaxies (This should be demonstrated by
both theory and observations in the future). This might be caused
by post-AGN star formation further enhancing the metallicity in the
LINERs. Future systematic examinations using Spitzer and Her-
schel observations should be able to discover these blue LINERs,
providing new clues for the understanding of the physical processes
of AGN fading.
5 CONCLUSIONS
We have carefully assembled in this paper a sample of AGNs and
quasars with redshifts z . 0.35 for which the metallicity of both
the BLR and the NLR can be measured in the optical and UV bands.
This allows us to explore the physical connections between broad
and narrow line regions and we find no correlation between metal-
licity and black hole masses or Eddington ratios in either BLRs or
NLRs. However, we do find that the metallicities in the NLR follow
the metallicities in the BLR, with both being substantially enriched
above the level of the stellar populations in the bulges of the host
galaxies, This suggests that metals are produced in the BLRs and
then transported to the NLRs through outflows. The metal-enriched
NLRs may undergo star formation once AGNs begin turning into
LINERs, that is, some post-AGN star formation might be triggered.
There is preliminary evidence for this process, but future surveys of
post-AGN LINERs are needed to fully unveil this mechanim.
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APPENDIX A: EMISSION LINE FITTINGS
Figure A1 presents the details of the fitted spectra for the individual
objects of the present sample and is provided online. We would like
to point out that they are continuum-subtracted spectra, i.e. sub-
tracting a power-law, Fe II and Balmer continuum.
This paper has been typeset from a TEX/ LATEX file prepared by the
author.
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Figure A1. Continuum-subtracted spectra and results of emission-line fittings. Left: UV spectra for N V/C IV; middle: optical band for Hβ
and [O III]; and right: optical band for Hα and [N II]. The profiles with the same colour are constrained to have the same FWHM and shifts.
The magenta curves are the sum of the different components. The blue and green lines represent the two Gaussian components of the broad
emission lines of Lyα, N V and C IV. The red lines are the narrow components used to calculate the narrow-line ratios, e.g. [O III]/Hβ and [N
II]/Hα. The light blue lines are the wing components of [O III] λλ4959, 5007. The brown and cyan lines are the broad components of Hα and
Hβ. The light green and yellow lines are the third components in seven objects whose broad components of Hα and Hβ clearly have different
shapes. See the text for details on the fitting procedure (§2.3). Residuals are obtained by subtracting the sum of all the components from the
spectra, and the unit is 10−15erg s−1 cm−2 A˚−1. c© 2013 RAS, MNRAS 000, 1–11
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Figure A2. Fig. A1 continued.
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Figure A3. Fig. A1 continued.
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Figure A4. Fig. A1 continued.
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Figure A5. Fig. A1 continued.
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Figure A6. Fig. A1 continued.
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Figure A7. Fig. A1 continued.
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Figure A8. Fig. A1 continued.
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